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Abstract
The sacoglossan sea slug, Elysia papillosa is associated with two species of the
siphonaceous green alga, Penicillus, which co-occur in mixed macrophyte beds at Tarpon
Springs, FL, USA. Field collections revealed that Elysia papillosa is frequently collected from
the alga, P. capitatus, but is also present in much lower abundance on P. lamourouxii. Past
studies have shown that some species of sacoglossans consume algal species that differ from the
algae from which they are collected so, in order to determine whether E. papillosa was
consuming either or both species of Penicillus, total DNA was extracted from individual slugs
collected from each alga. Identity of the algal species matching the gene sequence of the
chloroplast genomic gene, rbcL (large subunit of ribulose bisphosphate carboxylase) was
determined. Molecular data indicated that individuals of E. papillosa were consuming the same
algal species from which they were collected. To determine if identity of algal food resource had
any impact on performance of E. papillosa, feeding trials were conducted in the laboratory to
measure growth of slugs (body length, cm) when feeding on P. capitatus compared to P.
lamourouxii. Over a three week period, E. papillosa fed P. lamourouxii achieved a mean body
length that was 1.5-2X larger than recorded for slugs fed P. capitatus; these differences between
feeding groups were significant (One way ANOVA, p>0.001, F = 20.730). Although P. capitatus
is clearly more attractive to slugs when in natural settings these results suggest that although P.
lamourouxii can offer some kind of nutritional advantage slugs are choosing to consume the
algal species that they inhabit in the field. Algal morphology and cellular structures are
potentially important factors that may explain E. papillosa’s higher abundance on P. capitatus.
iv

Also, E. papillosa could be choosing to utilize P. capitatus, the less nutritious alga resource,
because it may offer increased refuge benefits.

v

Introduction
Sacoglossan sea slugs are highly specialized marine herbivores. These algivores are
equipped with radular teeth that allow them to pierce through siphonous green algal cells and
suck out the chloroplasts (Jensen 1993). Most sacoglossans are stenophagous, eating only a few
species of closely related algae, and are found on or in close proximity to their algal food source
(Jensen 1997; Krug et al. 2016; Middlebrooks et al. 2019; Williams & Walker, 1999).
Specialized marine herbivores have strong spatial relationships with their plant food resources
(Hay & Fenical 1988; Jensen 1983, 1997; Middlebrooks et al. 2014; Trowbridge & Todd, 2001).
Many sacoglossan species are able to sequester and incorporate the algal chloroplasts into
their digestive diverticula. Some sacoglossan species are able to functionally maintain these
chloroplasts for the duration of a few days or even months (Clark 1994; Curtis et al. 2006; De
Vries et al., 2013). The slugs are able to photosynthesize and gain nutritional benefit from these
functioning chloroplasts and this chloroplast symbiosis is known as kleptoplasty (Cruz et al.
2013; Pierce & Curtis, 2012).
Kleptoplasty provides a mechanism that allows some sacoglossan species to cease
feeding for variable periods of time. Elysia chlorotica, for example, can maintain chloroplasts for
the duration of their life, up to a year, once sequestered (Pierce et al. 1996). However, most
sacoglossans capable of performing kleptoplasty and can only maintain chloroplast for a few
weeks or days before chloroplasts need to be replaced through ingestion. (De Vies et al. 2013).
Therefore, sacoglossans are typically found near their algal food sources, due to their specialized
1

feeding habits and relatively limited movement (Clark & Busacca, 1978; Jensen 1997;
Trowbridge 1992). Variation in algal resource selection is unusual among sacoglossans
(Trowbridge 1991). Yet, while most sacoglossans form close associations with their algal food
resources, some kleptoplastic species have been reported to not require constant contact with
their algal host/resource and can be found on other substrates such as rocks or non-food algae
(Middlebrooks et al. 2014, 2019). This type of feeding has led to some confusion in the literature
as species have been reported to feed upon algae that they might have just been sitting near.
Sacoglossan algal resource choice and utilization are not yet completely understood.
Increasingly, information on the relationship between slugs and their algal host has
improved as detailed examination of chloroplast capture by kleptoplastic slugs and algal biology
have received attention (Rumpho et al. 2011). In addition to varying levels of kleptoplastic
abilities, selection of algal resources by sacoglossans is dependent upon a variety of factors.
Resource availability and energy/nutritional content of food are a few key factors that play a key
role in specialized herbivores food choice (Stachowicz & Hay 1996). Additional features of
resources such as structural / morphological characteristics that represent differences in filament
thickness or level of calcification may also be major factors influencing selection (Jensen 1983).
For example, the alga, Penicillus capitatus, (siphonaceous green algal consumed by several
species of sacoglossans) not only has much finer filaments (Turner & Friedmann 1974)
compared to the thick and elongated filaments of Penicillus lamourouxii but is also less calcified
which could potentially make it easier for slugs to consume the former.
Chloroplast structure may also contribute to algal selection; chloroplasts need to be
compatible with the slug cell biology to be able to continue to photosynthesize (Curtis et al.
2015; Pierce et al. 1996; Pierce et al. 2015). Although two sacoglossans, E. papillosa and Cyerce
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antillensis both feed on the same algal resource, Penicillus, each slug has a very different
kelptoplastic ability: E. papillosa is able to maintain chloroplasts for a short time while C.
antillensis is not capable of functionally maintaining any chloroplasts (Curtis et al. 2010; Krug et
al. 2016). The above comparisons represent examples of intrinsic host characteristics that could
potentially influence associations between slugs and their plant resources. Additionally, these
specialized marine herbivores use algal hosts not only as a primary food source, but also as a
structural refuge to avoid predators, or escape high wave action, and/or as a site to deposit eggs
(Capper & Paul 2008; Krug et al. 2016; Poore et al. 2008; Sotka 2007) suggesting that other
aspects of algal morphology may influence host selection by slugs.
Though host alga-sacoglossan interactions have been previously documented (Clark &
Busacca 1978; Jensen 1993; Krug et al. 2016; Williams & Walker, 1999), some topics such as
the importance of kleptoplasty and its impacts on sacoglossan resource selection remain a
challenge for investigation (Middlebrooks et al. 2014; Pierce & Curtis, 2006; Williams &
Walker, 1999). Both the small size and cryptic coloration of many sacoglossans, as well as the
mode of feeding by slugs which typically leaves no visible marks on algae, limit the direct
assessment of feeding behavior. The study reported here builds upon earlier studies and uses
both field and laboratory experiments to expand upon host-specialization/utilization of marine
algae by sacoglossans.
The sacoglossan examined in this study is the small kleptoplastic slug, Elysia
papillosa (Verrill 1901) (Opisthobranchia: Ascoglossa), a short term kleptoplast. The algal hosts
of interest are two species of the genus Penicillus, coenocytic green rhizophytic algae. The slugs
are typically found on, or in close proximity to, their food source, Penicillus spp. (Gowacki et al.
2016; Krug et al. 2016; Marcus 1957) and the algae are often mixed in with seagrass beds and
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other rhizophytic macroalgae such as members of the genera of Caulerpa and Halimeda
(Bedinger et al. 2013). Laboratory studies have confirmed that E. papillosa can sustain algal
chloroplasts for approximately one week before needing to feed again in order to replenish
functional chloroplasts (Curtis et al. 2010; Curtis et al. 2015). This timing for renewal of
chloroplasts may influence the slugs’ spatial associations with their alga resources.
Past studies have reported that Elysia papillosa are commonly found in association with
the algae Penicillus capitatus (Middlebrooks et al. 2019) and the slug has also been recorded
feeding specifically on the rhizophytic green alga, P. lamourouxii (Jensen, 1988; Krug et al.
2016). However, E. papillosa has also been found on other rhizophytic algae such as P.
lamourouxii and the highly calcified Halimeda sp. (Krug et al. 2016; Middlebrooks et al. 2019).
It is unclear if slugs use P. lamourouxii or Halimeda as additional food resources or if slugs
utilize these algae less frequently as a structural shelter or camouflage for the cryptic slugs.
Likewise local populations of E. papillosa have been observed inhabiting
P.capatitus, commonly, and P. lamourouxii, infrequently, within the same seagrass bed
(Gowacki 2017).
Here, taking advantage of E. papillosa’s high abundance in subtropical, mixed
macrophyte beds (Krug et al. 2016; Gowacki 2017); I examine the feeding specificity of E.
papillosa utilizing molecular bar coding to identify algal food ingested by slugs in a field setting.
I hypothesize that feeding by E. papillosa will be highly specific, consuming only the algal
species from which the slugs are collected. Additionally, following up on field studies, I utilize a
set of controlled laboratory experiments to compare the performance, as exhibited by growth of
slugs on each of the two species of Penicillus, to assess possible food quality differences in the
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algal species offered as unique food items. I hypothesize that slug feeding on, P. capitatus; will
display greater rates of growth than slugs feeding exclusively on the alga, P. lamourouxii.

5

Materials and Methods
Collection of slugs and algae for chloroplast identification
Elysia papillosa (Verrill 1901) are very cryptic and small making them difficult to find in
the field (Curtis et al. 2010; Middelbrooks et al. 2019). Therefore, multiple collections of their
food algae, Penicillus capitatus and P. lamourouxii were made at Sunset Beach, Tarpon Springs,
FL (27°75.2′ N, 82°59.5′ W) to obtain a sufficient number for examination. Sunset Beach
(Figure 1) supports a high density of rhizophytic algae that form distinct patches among the sea
grass (Bedinger et al. 2013). All collections of slugs were made during the months of MayNovember, 2018. On all collection dates, P. capitatus and P. lamourouxii (Figure 2) were
collected separately and placed immediately into plastic bags containing sea water. The algae
were returned to the laboratory and placed into aquaria containing artificial seawater (Instant
Ocean, 35PSU, ASW). The aquaria were kept at room temperature (25°C) under florescent lights
on a 14/10 hr light/dark cycle. The cryptic tiny slugs were collected from the algae as they
appeared in the aquaria during the first 24 hr following collection and were preserved in 70%
ethanol until DNA extraction (see below). Slugs were identified by morphological characteristics
that matched the description of E. papillosa from Verrill 1901(Curtis et al. 2010). Elysia
papillosa has relatively large rhinophores with two distinct bands that were used to identify the
slugs (Gowacki et al. 2016) (Figure 3). Eight specimens of both P. capitatus and P. lamourouxii
were collected in total.
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Chloroplast identification
In order to determine the chloroplast donor alga(e) for each of the slugs, DNA, including
chloroplast DNA, was extracted from small slices of the parapodia of each individual specimen
using a commercial extraction kit (DNeasy, Qiagen, Germany). The nucleotide sequence of the
chloroplast encoded gene for the large subunit of ribulose bisphosphate carboxykinase was used
along with a PCR protocol that has been used previously for rbcL from species of sacoglossan
slugs and algae (Curtis et al. 2006, Curtis et al. 2015, Middlebrooks et al. 2014). The rbcL gene,
which is found in the chloroplast genome of the group Ulvophyceae, was chosen because the
algae that E. papillosa typically consumes are ulvophytes (Curtis et al. 2007) and because
numerous sequences in GENBANK are available for comparison (Middlebrooks et al. 2019b).
The PCR reactions used degenerate primers (forward primer sequence, “primer 3” 5’AAAGCNGGKGTWAAAGAYTA-3’; reverse primer sequence “primer 4” 5’CCAACGCATARADGGTTGWGA-3’) (Middlebrooks et al. 2014, Curtis et al. 2015). Reaction
mixtures were made with IDPROOF reaction buffer (Empire Genomics, Buffalo, NY, USA),
10µM dNTP (Invitrogen, ThermoFisher, Carlsbad, CA, USA), rbcL primer 3, rbcL primer 4
(both primers from Eurofins Genomics, Louisville, KY, USA), IDPROOF DNA polymerase
(Empire Genomics, Buffalo, NY, USA). Touchdown PCR reactions were carried out using a
thermocycler (Model 2720 Applied Biosystems, Foster City, CA, USA) with an initial
denaturing temperature of 95°C for 15min, followed by denaturing temperature of 95°C for 30s,
annealing temperature at 55°C for 30s, and an extension temperature of 72°C for 45s for 30
cycles, with the annealing temperature lowered by 0.5°C in each subsequent cycle. (Curtis et al.
2006, 2008; Middlebrooks et al. 2014, 2018).
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The PCR products were cloned using a kit (TOPO PCR cloning kit, Invitrogen,
ThermoFisher, Carlsbad, CA, USA), and gel screened. Then the PCR products matching the
appropriate molecular weight were extracted from the gel (Gel extraction kit, Qiagen, Germany)
and cloned. Six clones from each slug were amplified using M13 primers (forward primer
sequence “M13F” 5’-GTAAACGACGGCCAG; reverse primer sequence “M13R” 5’CAGGAAACAGCTATGAC-3’) (Eurofins Genomics, Louisville, KY, USA) and the products
matching the correct molecular weight were sequenced (Eurofins Genomics, Louisville, KY,
USA). The sequences were BLAST searched against the NCBI GenBank database using the
blastn algorithm (Curtis et al., 2006, 2015). To ensure no algal DNA contamination of reagents
was present; controls lacking genomic DNA templates were run side by side with all reactions
(Schwartz et al. 2010).

Collection of slugs and algae for laboratory growth experiments
The algae, Penicillus capitatus and P. lamourouxii were collected from Sunset Beach,
Tarpon Springs, FL (27°75.2′ N, 82°59.5′ W) in April, 2019. Penicillus capitatus and P.
lamourouxii were collected separately and placed immediately into plastic bags containing sea
water. The algae were returned to the laboratory and placed into separate aquaria containing
artificial seawater (Instant Ocean, 35PSU, ASW). The aquaria were kept at room temperature
(25°C) under florescent lights on a 14/10 hr light/dark cycle. Elysia papillosa were collected
after they emerged from the algae and appeared in the aquaria.

Algal feeding assays
To determine if slug growth was directly related to algal food provided in the laboratory
with no influence of any alga previously ingested in the field, a set of reciprocal feeding trials
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was conducted. Twenty four E. papillosa,- 12 collected in the field from P. capitatus and 12
collected in the field from P. lamourouxii, were individually placed into 1770 mL Pyrex dishes
containing ASW, at room temperature (25°C), under fluorescent lights on a 14/10 hr light/dark
cycle. After 15 days slugs were separated into four treatments representing distinct feeding
conditions. Slugs collected from P. capitatus were split randomly into two groups: 6 slugs
collected from P. capitatus and fed P. capitatus (PC-PC) and 6 slugs collected from P. capitatus
and switched to P. lamourouxii (PC-PL). Slugs collected from P. lamourouxii were also
randomly split into two groups: 6 slugs were collected from P. lamourouxii and fed P.
lamourouxii (PL-PL) and 6 slugs collected from P. lamourouxii and fed exclusively P. capitatus
(PL-PC). All slugs were allowed to feed ad libitum.
Slug performance on different food sources was measured by slug growth [body length
cm]. Total slug length was measured for all slugs across the four groups weekly. In order to
measure initial slug length, each slug was photographed using the macro setting on a digital
camera (Fuji Finepix), against a mm scale grid; subsequent changes in length of slugs were
likewise recorded (Figure 4). Slugs were photographed once they had fully extended their
bodies. Mean length for each slug was calculated using three measurements taken from each
photograph using an image processing program (ImageJ™, National Institute of Health,
Bethesda, MD). A One-way ANOVA was performed to compare mean initial length between
treatments (4 feeding groups) before experiments began to ensure that the initial size of slugs did
not differ significantly. After three weeks, slug body size for all four growth treatments was
determined and compared with a One-way ANOVA followed by a Holm-Sidak post hoc analysis
to evaluate differences in slug performance among the four feeding groups of algal resources. All
analyses were run using SigmaPlot (Systat Software Inc., San Jose, CA).
9

Field collections
To obtain a better understanding of E. papillosa distribution and abundance among the
two species of Penicillus, field surveys were conducted at two locations at Tarpons Springs,
Florida. The mixed algal beds at Sunset Beach and Fred Howard Park were sampled in October,
2019 and in January and May, 2020. A rhizophytic algal bed located on the north side of Sunset
Beach (28°08.43΄N, 82°47.26΄W) and an algal bed located on the south end of Fred Howard
Beach (28°09.14΄N, 82°47.36΄W) were selected as sample locations (Figure 5). Random points
within the mixed algal beds at each location were sampled using a 25m by 25m plot. The plot
was divided into 25 sections (each 5m x 5m) (Figure 6). Ten of these sections were sampled
from within the area of 25cm x 25cm quadrat. Percent cover of seagrass and algae was recorded
for each quadrat. All rhizophytic algae within the quadrat were collected. To ensure no slugs
were lost or displaced during collection, a clear Ziploc bag™ was placed over a selected
individual thallus of each alga being collected. Then the base of the thallus was cut at the
sediment line, and all contents (algae and water) were sealed in a Ziploc bag. This process was
repeated for every individual alga located within each quadrat. For the algae within the
genus Caulerpa encountered in sampling, individual fronds were treated as individual thalli and
collected using the same sampling technique described above. All samples were immediately
transported back to the lab and separated into individual containers filled with artificial seawater
(35PSU).
Individual algal containers were monitored daily for three days after collection and any E.
papillosa along with any other opisthobranchs that crawled off of the algae, were recorded. All
slugs were identified to species level. Likewise all algae were identified to species and
abundance was determined by ash free dry weight (AFDW).

10

Figure 1: Aerial photo of Tarpon Springs, Sunset Beach (28°08.43΄N, 82°47.26΄W). Area
highlighted in red is the mixed rhizophytic alga and sea grass bed (photos by Ray Rodriguez and
Jeannie Mounger respectively).
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(B)

(A)

Figure 2: Specimens pictured above were collected from Sunset Beach, Tarpon Springs, FL,
USA. (A): Single thallus of P. capitatus,a rhizophytic alga with shortened and densely packed
filaments (pictured right) vs. a single thallus of P. lamourouxii, a rhizophytic alga with
elongated filaments. Photo by Rebecca Schlapkohl ( B): P. capitatus algal filament on the left vs.
P. lamourouxii algal filament on the right.
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Figure 3: Elysia papillosa collected from Tarpons Springs, FL; note the banded rhinophores
(indicated by white arrows), one of the defining characteristics of this species.
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Figure 4: Sequential images of an individual E. papillosa collected from P. capitatus and fed P.
lamourouxii (PC-PL) over a three week period.
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Figure 5: Field sites (stars) at Sunset Beach and Fred Howard Beach. Rhizophytic algal beds are
designated by red boxes. Photo courtesy of Google Earth.

25m

25m

Figure 6: Algal collection transects (25m x 25m) set up(right) and example transect in the field
at Fred Howard Beach, Tarpon Springs, Florida (left) .
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Results
Chloroplast source
The DNA of all 16 E. papillosa specimens tested contained matching (at least 98%)
rbcL gene sequences from either P. lamourouxii or P. capitatus (GenBank accession no.
DQ469333) or (GenBank accession no. MG784875)]. The rbcL source identified by molecular
bar coding for slugs collected from P. capitatus matched that of individual samples of the alga,
P. capitatus for 100% of comparisons (Table 1). The algal chloroplast source for slugs collected
from P. lamourouxii was almost always P. lamourouxii, however, one of the 8 slugs collected
from P. lamourouxii contained a single sequence matching P. capitatus (96% similarity) in
addition to sequences that matched P. lamourouxii (96% similarity) (Table 2).

Laboratory Feeding Studies
At the start of the experiment feeding trials initial body length of slugs from all 4
feeding groups [(PC-PC), (PC-PL), (PL-PL), & (PL-PC)] were similar (0.59-0.65cm) with no
significant differences found among any of the experimental groups (Table 3, One-way
ANOVA, df =23, p = 0.960, F = 0.090). However, marked differences in growth between those
slugs feeding on P. lamourouxii (PL-PL, PC-PL) compared to P. capitatus, regardless of identity
of original host, was clearly evident after three weeks. At the end of the experiment, slugs that
were fed P. lamourouxii had a mean body length that was 1.5- 2.0 X greater than those fed P.
capitatus (Table 4 & Figure 7) and a significant difference among feeding groups was detected
(One-Way ANOVA, df=23, p>0.001, F = 20.730). A pairwise multiple comparison test (Holm16

Sidak post-hoc test) showed that slugs collected on P. capitatus and switched to the algal source
P. lamourouxii (PC-PL) were significantly longer in length than the (PC-PC) slugs that were
collected from and fed P. capitatus ( p < 0.001) after a three week period (Figure 8). The slugs
that were collected from the algal source P. lamourouxii and fed lamourouxii (PL-PL), also grew
to a longer mean length than slugs that were also collected from the algal source P. lamourouxii
but were switched to being fed P. capitatus (PL-PC) (p = 0.03). Mean body length of slugs in the
two treatments that were fed P. capitatus (PC-PC and PL-PC) was not significantly different
after three weeks (p = 0.556) (Figure 8).

Field Collections
Local populations of E. papillosa were only found in association with rhizophytic algae in the
genus, Penicillus. Elysia papillosa were not collected off of any other rhizophytic algal taxa
such as Halimeda sp. or Caulerpa spp. included in samples taken at the Sunset Beach or Fred
Howard Park study sites nor were any found on any other substrates (Appendix A). Only one
individual of E. papillosa was found inhabiting P. lamourouxii while 20 E. papillosa were
collected from P. capitatus (Figure 9).
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Table 1: Chloroplast source (rbcL gene) in Elysia papillosa collected from the alga Penicillus
capitatus. Date of collection from the field is also provided.
Specimen
E. papillosa
E. papillosa
E. papillosa
E. papillosa
E. papillosa
E. papillosa
E. papillosa
E. papillosa
*

Date Collected
7/3/2018
8/14/2018
8/31/2018
8/31/2018
8/31/2018
11/6/2018
11/6/2018
11/6/2018

Algal food source
P. capitatus
P. capitatus
P. capitatus
P. capitatus
P. capitatus
P. capitatus
P. capitatus
P. capitatus

Genbank #/ rbcL gene
MG784875: P. capitatus (6)
MG784876: P. capitatus (4)
MG784877: P. capitatus (1)
MG784878: P. capitatus (2)
MG784879: P. capitatus (6)
MG784880: P. capitatus (3)
MG784881: P. capitatus (2)
MG784882: P. capitatus (6)

number of matching clones

Table 2: Chloroplast source (rbcL gene) in Elysia papillosa collected from the alga Penicillus
lamourouxii. Date of collection from the field is also provided.
Specimen
E. papillosa
E. papillosa
E. papillosa
E. papillosa
E. papillosa
E. papillosa
E. papillosa
E. papillosa
*

Date collected
6/7/2018
6/7/2018
6/8/2018
7/9/2018
9/28/2018
10/22/2018
11/20/2018
11/24/2018

Algal food source
P. lamourouxii
P. lamourouxii
P. lamourouxii
P. lamourouxii
P. lamourouxii
P. lamourouxii
P. lamourouxii
P. lamourouxii

number of matching clones
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Genbank #/ rbcL gene
DQ469333: P. lamourouxii (4)
DQ469333: P. lamourouxii (1)
DQ469333: P. lamourouxii (4)
DQ469333: P. lamourouxii (2)
DQ469333: P. lamourouxii (2)
DQ469333: P. lamourouxii (4)
DQ469333: P. lamourouxii (5)
DQ469340: P. lamourouxii (2)
& MG784875: P. capitatus (1)

Table 3: Initial mean lengths of Elysia papillosa from all four feeding treatments: (PC-PC),(PCPL),(PL-PL),and (PC-PL). (PC-PC) indicates slugs collected from P. capitatus and fed P.
capitatus, (PC-PL) slugs collected from P. capitatus and switched to P. lamourouxii. While (PLPL) indicates slugs collected from P. lamourouxii and fed P. lamourouxii, (PL-PC) slugs
collected from P. lamourouxii and fed exclusively P. capitatus.
Feeding Treatment
Individuals Mean Initial Length (cm)
Std Error
(N)
PC-PC
0.14
6
0.61
PC-PL
0.04
6
0.59
PL-PL
0.07
6
0.65
PL-PC
0.08
6
0.64
Initial slug lengths were not significantly different across treatments (df =23, F= 0.0989, P =0.960, oneway ANOVA).

Table 4: Mean final body lengths of E. papillosa from all four feeding treatments: (PC-PC),(PCPL),(PL-PL),and (PC-PL) after 3 weeks. (PC-PC) indicates slugs collected from P. capitatus
and fed P. capitatus, (PC-PL) slugs collected from P. capitatus and switched to P. lamourouxii.
While (PL-PL) indicates slugs collected from P. lamourouxii and fed P. lamourouxii, (PL-PC)
slugs collected from P. lamourouxii and fed exclusively P. capitatus.
Feeding Treatment Individuals
Mean Final Length (cm)
Std Error
(N)
6
PC-PC
0.82 A
0.06
6
PC-PL
1.70 B
0.09
6
PL-PL
1.40 C
0.09
PL-PC
6
0.90 A
0.13
Final slug lengths were significantly different across treatments (df =23, F= 20.73, P <0.001, one-way
ANOVA). A post hoc (Holm-Sidak) test: determined significant differences between treatment groups;
similar letters indicate no significant differences while different letters indicate significant difference
between treatments (P < 0.05).

19

Figure 7: An individual E. papillosa exclusively fed P. lamourouxii (left) and individual E.
papillosa exclusively fed P. capitatus (right) after a 3 week period.
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2
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Mean Length (cm)

1.2
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A
0.8

A
0.6
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0
0

1

2

3
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Figure 8: Mean length as a function of time, for E. papillosa from all four feeding treatments:
(PC-PC),(PC-PL),(PL-PL),and (PC-PL). Error bars represent standard error. One-way ANOVA
for data at three weeks indicated significant differences in slug body length among the four
feeding groups (see Table 4) A pairwise multiple comparisons (Post hoc Holm-Sidak) test
further indicated the nature of the differences among the four treatment groups. Similar letters
indicate those treatments for which mean body length was not significantly different (p >0.05);
different letters indicate significant differences in body length among treatments.
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Elysia papillosa collected from
Fred Howard Park

Elysia papillosa collected from
Sunset Beach
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Figure 9: Total number of Elysia papillosa collected from Penicillus capitatus and Penicillus
lamourouxii from October 2019, January 2020, and May 2020. Collections were made at Sunset
Beach and Fred Howard Park. All slug and algal samples were collected from 25m by 25m plots
each month.
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Discussion
Elysia papillosa inhabits both species of Penicillus that occur in the mixed rhizophytic
algal beds at the study site, although the abundance on P. capitatus was consistently higher than
that found on P. lamourouxii (Figure 9). Field collections along with molecular bar coding
revealed that E. papillosa not only inhabits but also consumes P. lamourouxii. It was previously
known that P. capitatus is a main chloroplast source for E. papillosa (Curtis et al. 2015;
Middlebrooks et al. 2019) and molecular studies confirmed P. lamourouxii as a second
chloroplast source for these slugs (Table 2). Results also revealed that local populations of E.
papillosa are consuming the algae on which they are found; slugs inhabiting P. capitatus are
feeding on P. capitatus while slugs inhabiting P. lamourouxii are consuming P. lamourouxii.
This suggests that E. papillosa follows the common sacoglossan trend of consuming the algae
resource on which it lives. However, one slug collected from P. lamourouxii had sequestered
chloroplasts from both species of Penicillus suggesting a small percentage of slugs move
between algal species and feed on both (Table 2). Algal resource switching has been reported in
other species of Elysia but it is not common and most slugs of the genus Elysia are reported to be
algal-specialized (Jensen 1993; Krug et al. 2016).
Feeding trials clearly showed that P. lamourouxii was a food source of higher quality
than that of P. capitatus (Figure 6). Therefore, it is intriguing that highest densities of slugs in the
field are found on P. capitatus (Figure 9) (Middlebrooks et al. 2019). The difference in growth
based upon algal food type was substantial with the slugs in the (PC-PL) treatment (collected
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from P. capitatus and switched to feeding on P. lamourouxii) reaching a body length twice that
of slugs collected from P. capitatus and continually fed on P. capitatus (PC-PC). Previous
studies report that P. capitatus and P. lamourouxii are intermixed and occur in high densities in
the algal beds of areas off central west Florida (Bedinger et al. 2013) and that, as found here, E.
papillosa has a greater probability of being found association with P. capitatus (Middlebrooks et
al. 2019) than P. lamourouxii. Thus based upon field collections it appears that, these slugs are
choosing to inhabit and consume potentially less nutritious alga when an alternative is apparently
“available”.
Explanations for the low occurrence of slugs on a food of high quality remain
problematic. Caloric content of algal food has not been found to have any correlation with
sacoglossan food preference (Jensen 1983) so other factors likely underlie host choice and
utilization by E. papillosa. However, no morphological difference has been identified between
the chloroplast structure of P. lamourouxii and P. capitatus (Curtis et al. 2006), so the slugs’
ability to photosynthesize using chloroplasts from each algal species is not likely to be extremely
varied, though additional studies are needed for confirmation. This suggests that the algal
morphology and cellular structures are likely the more important factors leading to E. papillosa’s
higher abundance on P. capitatus. Elysia papillosa have distinctly blade-like shaped radular
teeth (Gowacki et al 2016; Jensen 1993) which they use to puncture the algal filaments.
Penicillus capitatus and P. lamourouxii are both filamentous algae and the finer filaments of P.
capitatus may be easier for slugs to puncture and obtain chloroplasts compared to the thick and
more highly calcified filaments of P. lamourouxii (Friedmann & Roth 1977) or it is also possible
that slugs simply find P. capitatus more palatable than P. lamourouxii.
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Conversely, E. papillosa selection of a host may not be dependent on intrinsic host
characteristics but rather may be based upon other ecological pressures. Refuge from predation
and abiotic stressors could be potential reasons for algal selection (Poore et al. 2008) if they
differed for the slugs utilizing the two different algal species. Specifically, Penicillus capitatus
may offer better shelter for slugs because the filaments are more densely packed than those of P.
lamourouxii (Figure 2). This filament density may help protect slugs from stressors such as high
wave action or even intense light conditions. Many photosynthetic organisms use avoidance
strategies to help reduce UV stress (Summerer et al. 2009), and the tightly packed filaments of P.
capitatus could potentially offer a greater refuge from UV damage. Thus E. papillosa could be
choosing to utilize a less nutritious alga resource for increased refuge benefits.
Although few predators of sacoglossan are known (Trowbridge 1994 and Mehrotra et al.
2015) it may be more difficult for predators to access the small slugs among the more closely
spaced filaments of P. capitatus compared to those of P. lamourouxii. Upon ingestion of algae,
the body color of Elysia papillosa matches the color of Penicillus, and this crypsis may lead to
increased predation avoidance. Interestingly, although slugs grow much larger when feeding on
P. lamourouxii in laboratory setting (Figure 7) I did not observe slugs of the larger size classes
recorded in laboratory feeding trials in any collections of slug populations at Tarpon Springs. In
fact, the size classes of slugs feeding on both species of Penicillus and collected for feeding trials
were typically of very similar size before feeding trials were conducted (Table 3). It is possible
that the loosely packed filaments may make it easier for predators to capture slugs of large body
size on P. lamourouxii. It is common in marine systems to see a direct correlation between
predator/prey size and foraging success (Scharf et al. 2000).
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Competition could be another biological factor that could lead to reduced success of E.
papillosa on P. lamourouxii. Other sacoglossans such as Cyerce antillensis and Elysia velutinus
inhabit the rhizophytic algae at Tarpon Springs, FL ( Appendix A). Elysia papillosa and E.
velutinus do not consume or utilize the same algal resources but C. antillensis, a nonkleptoplastic sea slug, can be found on both P. capitatus and P. lamourouxii and have been
found co-occurring on the same algal resource as E. papillosa (Krug et al. 2016; Middlebrooks et
al. 2019). However it remains unknown if these two sacoglossans experience any interspecific
competition on the same algal hosts.
This study has provided additional ecological information that expands upon previous
studies of E. papillosa feeding, and chloroplast sequestration and feeding experiments provided
compelling information on improved slug performance on one algal species. It remains unclear,
however, why some E. papillosa are choosing to consume the alga, P. capitatus, when a
potentially more nutritional alga is readily available. Additional studies on algal resource
interactions and, likely, experiments on accessibility of slugs to predators would provide a more
complete understanding of the host specificity of E. papillosa.
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Appendix A: Supplemental Information
TableA1: Total number of individual thalli of each species of rhizophytic algae and the Total
number of sacoglossans collected from Sunset Beach and Fred Howard Park.

Sunset Beach (Oct.
2019)

Fred Howard
(Oct. 2019)
P.lam

P.cap

18.3

17

Halimeda
incrassata
233.4

# of E. velutinus

-

-

5

# of C. antillensis

-

-

-

# of E. papillosa

-

-

-

AFDW (g)

Caulerpa
spp.
<1

# of E. velutinus

<1

16

Halimeda
incrassata
0

Caulerpa
spp.
0

-

-

-

-

# of C. antillensis

-

3

-

-

# of E. papillosa

-

6

-

-

P.lam

P.cap

#of thalli

0

17.9

Halimeda
incrassata
0

Caulerpa
spp.
0

-

Fred Howard (Jan.
2020)
P.lam

P.cap

14.4
-

# of C. antillensis
# of E. papillosa

P.cap

# of E. velutinus

Sunset Beach
(Jan.2020)

AFDW (g)

#of thalli

P.lam

1

19.5

Halimeda
incrassata
64.6

Caulerpa
spp.
<1

-

-

-

# of E. velutinus

-

-

-

-

9

-

-

# of C. antillensis

-

-

-

-

2

-

-

# of E. papillosa

-

-

-

-

P.lam

P.cap

<1

12.2

Halimeda
incrassata
6.8

Caulerpa
spp.
0

Sunset Beach (May.
2020)

Fred Howard (May.
2020)
P.lam

P.cap
17.7

Halimeda
incrassata
187

Caulerpa
spp.
<1

10.2

# of E. velutinus

-

-

3

-

# of E. velutinus

-

-

1

-

# of C. antillensis

-

-

-

-

# of C. antillensis

-

1

-

-

# of E. papillosa

-

3

-

-

# of E. papillosa

-

9

-

-

AFDW (g)

#of thalli

*(P.lam) = Penicillus lamourouxii ; (P. cap) = Penicillus capitatus; E. = Elysia sp.; C. = Cyerce sp.
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Appendix B: Photo Permission
Permissions to use algal and field site photographs.
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